Several measurements of vertical ground motion at Pition Flat Observatory, California, indicate the overall weakness and instability of the Earth's weathered surface with respect to the underlying rock. Cumulative long-period motions of order 0.5 mm per year dominate these records, though smaller elastic deformations caused by precipitation loading, atmospheric loading, and tidal strains are evident at higher frequencies; all of these help to characterize the near-surface material. The long-period records suggest that near-surface weathering is the dominant influence on monument motion, at least at this site on crystalline rock in a semi-arid environment. Rainfall loading gives an average vertical modulus of 2.6 GPa for the material in the uppermost 26 m of the ground, compared with 88 GPa for granite under moderate confining stress; atmospheric loading gives similar results but indicates the ground is permeable to airflow at periods longer than a few hours. Earth tide records show Poisson's ratio to be 0.09 in contrast to the normative range of 0.2-0.25, establishing that horizontal strains couple only weakly into vertical ones, so that vertical strains near the surface are a poor measure of areal strain. The form of the ground-surface displacement power spectrum indicates that analyses of geodetic surveys would be improved with the inclusion of a monument-positioning error budget that increases with time. Because of ground instability, and the generally small rate of crustal tectonic motions, deeply emplaced monuments will be needed for observational programs designed to detect short-term changes in crustal deformation over baselengths of order 10 km and less.
INTRODUCTION
Direct measurements of crustal deformation are limited to observations on, or very near, the ground surface--most often between monuments specifically designed for repeated surveying. Near the ground surface, weathering alters the once competent rock mass to a weakened state, making it an especially noisy place for such measurements. The size of the displacement noise is small enough, and scale of long-term deformations sufficiently broad, that averages of the deformation over large areas and long times generally give useful results [e.g., Savage, 1983] . However, over distances of 10 km and less (often comparable to the depth of seismicity), and for time scales of years and shorter, monument instability can be the limiting noise factor. Understanding and quantifying monument stability is thus essential for interpreting results from the more detailed studies of crustal deformation. This paper on vertical monument motion is intended to complement an earlier one on horizontal motions [Wyatt, 1982] , and reports on measurements not available then. All of the observations considered here are from Pition Flat Observatory (PFO), located in southern California between the San Jacinto and San Andreas fault zones. Details of the geological setting are described in the earlier paper. In brief, the site is an upland erosional surface inclined to the southwest with a 3% slope. Its geomorphology suggests that the 12-km 2 flat is a pediment, whose The most important set of measurements affected by millimeter-size vertical motions is precise geodetic leveling [Vani[ek et al., 1980] . For over a century, spirit leveling between widely spaced bench marks has provided most of the evidence for what is known about vertical ground deformations--from regions of active faulting and volcanism to areas of groundwater withdrawal. As to sources of noise, leveling studies by Savage et al. [ 1979] and Reilinger et al. [ 1984] found that the observed ground tilt spectrum has most of its energy at short spatial wavelengths, and suggest elastic warping of the ground as the probable cause. Such signals arise from the coupling of thermal stresses, or regional stresses, into ground tilt, through topography or material inhomogeneities. The results from this study, however, suggest that inelastic processes are more important.
Continuously recording strainmeters and tiltmeters are another class of measurements requiring stable bench marks [Agnew, 1986] . These are observatory-based instruments meant to record deformations over distances less than 1 km, with precisions approaching 1 part in 10 •ø. Here the need for exceptionally stable monuments is obvious: motions of only 0.1 mm/yr correspond to strain or tilt rates of 10 -6 yr -• on 100-m-long instruments. This is much larger than most tectonic signals and, because only a pair of monuments are involved, there is no network averaging to suppress the monument-displacement noise. Savage [1983] shows that strain rates in the western United States are of order 1-3 x 10 -7 yr-•; instrument stability, including attachment to the ground, must be substantially better than this to record crustal deformations faithfully.
The records presented in this paper are from long baselength tiltmeters and from other instruments specifically designed to measure bench mark stability. Long baselength tiltmeters ] provide a precise measure of elevation changes between monuments separated by as much as 1 km. (Greater separation is possible, but not generally practical.) To identify those monument motions distinct from tectonic ones, it is assumed that true tectonic signals are gradual, independent of environmental conditions, and common to colocated instruments, so that any unreasonably high tilt rates, or correlations between weather and changes in tilt rate, or tilts appearing only on individual instruments running in parallel with others, are taken as evidence of bench mark instability. The best argument for this reasoning is that correcting the long baselength tilt records for their endmonument motions (measured independently, to shallow depth) removes most occurrences of anomalous tilt. Wyatt [1982] found persistent horizontal motions of order 0.1 mm per year for large gabbro monuments installed at a depth of about 2 m. The largest motions were associated with periods of unusually heavy precipitation, which seem to accelerate the weathering of the underlying rock. Wyatt [1982] speculated that if indeed weathering were the controlling factor in monument instability then vertical movements might be even larger than horizontal ones, through ongoing dissolution of the underlying rock column.
MEASUREMENTS AND TECHNIQUES
As an initial test of this, and as the starting point for the development of an instrument capable of recording tectonic deformations, a 50-m-long tiltmeter was built at PFO in 1979. This used an uninterrupted fluid surface (ideally an equipotential surface) as the reference level, forming a Michelson-Gale tiltmeter [Beavan and Bilham, 1977] . The end-monuments were two gabbro columns (1. The next step was to build a long baselength tiltmeter (535 m) incorporating optical anchors at each end (Figure 2 ). An optical anchor is simply an optical interferometer designed to detect any changes in distance between the ground surface and anchoring points at depth. In this application, for the measurement of vertical displacements, the optical anchors extend vertically from the tiltmeter's end-monuments to the bottom of 26.5-m-deep boreholes. Any localized movement of either of the monuments then appears both as a change in tilt (a change in monument height relative to the fluid surface) and as a change in vertical displacement, as recorded by the optical anchor. Subtracting the two optical anchor measurements from the tilt record, itself formed by differencing the fluid level observations from the two ends, corrects for monument instability, at least down to depths of 26.5 m. The monuments for this instrument are gabbro slabs sitting upon 1-m 3 concrete piers which were formed directly on the floors of subsurface vaults. Figure 2 presents the details.
Pition Flat Observatory is also the site for a large collection of geodetic bench marks. Most of these (about 70) are class B rod marks installed by researchers from the University of California, Santa Barbara (UCSB) in 1979-1980 and surveyed at least annually since then . Class B marks are smalldiameter stainless steel rods driven into the ground a moderate distance [Floyd, 1974] . Owing to the toughness of the ground at the observatory, most of the rod marks there extend only to depths of 1 m, much less than the 4-m depth usually achieved for class B [Frankel, 1984] ). The bump is not the signature of a regional deformation because colocated strainmeters did not show any unusual signals around this time, at deformation-levels orders of magnitude smaller . Most likely the onset of this feature is the result of the intense rains which preceded the earthquake, causing water to percolate into the ground around the monuments. Somehow ground shaking seems to have prompted the reversal and eventual dissipation of this rainfall-induced differential displacement, perhaps by promoting drainage in the critical volume just below the monuments.
Vertical displacement records from the West monument (at site Rho) and the East monument (Tau) of the 535-m tiltmeter are presented in Figure 4 . Because the final tilt signal from this instrument (when corrected for the end-monument displacements) indicates no more than 0.06mm/yr of differential monument motion between the endpoints, and this may well be true crustal tilt, it is not displayed here. The most conspicuous event in this figure occurs following the rainstorms of early 1983. These storms led to the rapid uplift of both monuments: at Rho 1 mm, and at Tau Cross-spectral analysis elucidates two other factors controlling vertical displacements: thermoelastic stresses and barometric loading. Figure 7 shows a heavily averaged power spectrum of the monument motion at Rho along with scaled spectra of the air temperature and atmospheric pressure. Analysis shows that the admittance function is not a constant for either of these factors; rather, the effect they have on vertical displacement is dependent on frequency. For air temperature the influence becomes less at higher frequencies, while for atmospheric loading it is the opposite. At periods of a week the temperature coefficient is 140nm/øC and at a day only 60 nm/øC; the atmospheric effect is 1.6 nm/Pa at periods of a few days, increasing to 2.8 nm/Pa at 12 hours (S2), and 3.5 nm/Pa at 6 hours. In Figure 7 the pressure spectrum is plotted using the admittance at S2, where it is the controlling factor, though pressure also contributes heavily to the S• and S3 spectral peaks. Wyatt [ 1982] and shows that the vertical displacement power levels are about 6 dB higher (a factor of 2 in amplitude) than the power levels forming the horizontal spectrum, except at the lowest frequencies where both data sets show considerable scatter. Generally, the spectra display the same Weathering of the ground surface is an alternative explanation, consistent with the results from PFO. In this context, weathering may be considered simply as causing poor coupling of the monuments to the Earth's crust, though at the ground surface itself this might not be evident. The presumption of weathering as the cause of long-period, short-wavelength tilt noise has a most important implication. The form of the displacement power spectrum indicates that for any finite interval T, the process will be dominated by energy with frequency near 1/T and that all parts of the series will be correlated (not statistically independent); as data series analyzed similarly. The areal strain is from the unanchored NS and EW 732-m-long laser strainmeters at the site (discussed by Agnew [1986] ) and so gives the areal strain at 3-m depth, averaged over an area roughly 1 km 2 which encompasses Tau. Taking Poisson's ratio to be 0.25, and in the absence of any other vertical strain-generating mechanism, we should expect the vertical strain to be everywhere 0.33 of the areal strain spectrum, or, in decibels, 9.6 dB less than the areal strain. Figure 9 shows the vertical strain is instead generally greater, indicating that the vertical strain continuum must be noise of nontectonic origin. This also follows from the long-term vertical displacement records of Figure 4 , which, when converted to strain, give rates fully 2 orders of magnitude larger than other measures of Earth strain at the site. In Figure 9 the power spectral levels are nearly equal at lines S• and S3, but this is an artifact of the vertical displacement's sensitivity to air temperature (discussed earlier). The spectral levels also overlap at S2, but here the apparent agreement is caused by response to air pressure. Only at M2 ( 
CONCLUSIONS
Weathering of the ground seems to be the primary factor controlling the long-period displacement of surface monuments, at least at this one site on crystalline rock in a semi-arid environment. The general consistency of survey leveling results [e.g., Savage et al., 1979; and Reilinger et al., 1984] and near-surface deformational measurements ] from a range of locations would suggest this observation is broadly applicable. Once the surface material is sufficiently wetted to allow the moisture to migrate downward, accelerated weathering of the rock begins, often lasting for months, with large displacements persisting throughout the desiccation period.
For measurements of tectonic deformation, the apparently chaotic motions of very near-surface monuments may be generally so large as to become the limiting factor in detecting shortterm signals occurring over distances of 10 km and less. Averaging over many monuments, while certain to improve matters, ultimately will be limited by any systematic component in the ground's response to environmental changes. The form of the vertical displacement power spectrum suggests that, in the analysis of field observations, including an error term dependent on time (its square root or a slightly higher power) should improve estimates of true ground deformation. Most all the records discussed here indicate anchoring to depth as the solution to the problem of monument instability. The superior performance of class A geodetic marks at PFO testifies to this. Their design, rod marks isolated from the surface and extending to 10-m depths [Floyd, 1974] , demonstrates the geodetic community's long-standing recognition of the need for deep anchoring. As the weathering of surface rocks may extend beyond even this depth, still deeper anchoring may be needed for observational programs seeking very high accuracy over short periods and short spatial distances.
Finally, vertical strain measurements near the ground surface are not likely to yield useful estimates of tectonic strain. The records from the near surface are quite noisy, being at least an order of magnitude noisier than the equivalent horizontal strain, while below the water table another mechanism comes into play: horizontal jointing permits changes in the water pressure to induce large vertical strains [Evans and Wyatt, 1984] . Also, the inherently low value of Poisson's ratio at low confining stress means that horizontal strains couple only weakly into vertical strains.
